Although many studies on low-molecular-weight glutenin subunit (LMW-GS) function have been reported, a comprehensive comparison between specific genes and their protein product is still lacking. This study aimed to link the 43 genes isolated from the Korean wheat variety "Jokyoung" in the authors' previous study to their protein products. Proteins were separated using two-dimensional gel electrophoresis (2-DGE) and identified by tandem mass spectrometry (MS/MS) at the gene haplotype level. Using MS/MS analysis of 17 protein spots, two spots were identified in the Glu-A3 locus and the corresponding haplotype was . Six spots were identified in the Glu-B3 locus and the corresponding haplotypes were GluB3-33 and GluB3-43 (Glu-B3h). Eight spots were identified in the Glu-D3 locus and the corresponding haplotypes were , and one spot was contaminated with gamma gliadin. Phylogenetic analysis and alignment of nucleotide and amino acid sequences assigned 35 of the 43 genes to seven haplotypes: . Taken together, except for GluB3-33 and GluD3-6, which were not isolated, linking of each gene to the corresponding protein products at the gene haplotype level was accomplished using proteomic tools and phylogenetic analysis.
Introduction
Gluten proteins play a crucial role in determining the unique baking quality of wheat by conferring water absorption capacity, cohesion, viscosity, and elasticity in dough. The major constituents of gluten are divided into soluble gliadin and insoluble glutenin, depending on the solubility in the aqueous alcohol solution [60-70% (v/v) ethanol or 50% (v/v) propan-1-ol] (Wieser 2007) .
Glutenin protein is divided into high-molecular-weight glutenin subunits (HMW-GS) and low-molecular-weight glutenin subunits (LMW-GS), based on molecular weight assessed by SDS-PAGE (Payne 1987) . LMW glutenin subunits are encoded by the multigene families at the Glu-3 loci of the A, B, and D chromosomes of common wheat (D'Ovidio and Masci 2004) . LMW-GS was classified as LMW-s, LMW-m, and LMW-i based on the first residue of N-terminal amino acid, and each amino acid is serine, methionine, and isoleucine, respectively. Although the N-terminal amino acid sequence of the LMW-s type subunits is only present as SHIPGL-, the LMW-m type subunits are variously present as METSHIGPL-, METSRIRGL-, and METSCIPGL- (Kasarda et al. 1988; Lew et al. 1992; Masci et al. 1995; Tao and Kasarda 1989) . The LMW-i type, which lacks the N-terminal region and immediately starts the ISQQQQ-repeat sequence after signal protein, was identified (Cassidy et al. 1998; Cloutier et al. 2001; Ikeda et al. 2002; Pitts et al. 1988; Zhang et al. 2004) .
The LMW-GS gene alleles were divided into 20 band patterns by SDS-PAGE mobility, including six alleles (a, b, c, d , e, and f) on the Glu-A3 locus, nine alleles (a, b, c, d, e, f, g, h, and i) on the Glu-B3 locus, and five alleles (a, Hye-Rang Beom and Jin Sun Kim contributed equally.
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56 Page 2 of 9 b, c, d, and e) on the Glu-D3 locus from 222 wheat cultivars (Gupta and Shepherd 1990) . Twelve groups of LMW-GS genes have been identified in the Norin 61 cDNA library (Ikeda et al. 2006 ). Additionally, 12 active genes in Glenlea were identified, with 1, 2, and 9 in 1A, 1B, and 1D, respectively (Huang and Cloutier 2008) . Using genespecific primers, LMW-GS genes were identified from Aroona near-isogenic lines (NILs) or a set of standard cultivars containing specific alleles classified by protein electrophoretic mobility Wang et al. 2009 Wang et al. , 2010 Zhang et al. 2004; Zhao et al. 2006 Zhao et al. , 2007 . Both the molecular marker system and the gene cloning method were applied to investigate the composition of LMW-GS genes in large populations, including Aroona near-isogenic lines and the micro-core collections (MCC) of Chinese wheat germplasm (Zhang et al. 2012 (Zhang et al. , 2013 .
There have been studies that analyzed the relationships of LMW-GS genes and their proteins using individual cultivars. A Chinese wheat variety, Xiaoyan 54, with 14 unique LMW-GS genes, was identified using BAC (bacterial artificial chromosome) library screening and proteomic analysis. Four genes were identified in Glu-A3, three genes in Glu-B3, and seven genes in Glu-D3 (Dong et al. 2010) . A Korean wheat variety, Keumkang, contained a total of 36 LMW-GS genes and pseudogenes which were amplified, including 11 Glu-3 gene haplotypes, 2 from the Glu-A3 locus, 2 from the Glu-B3 locus, and 7 from the Glu-D3 locus. To establish relationships between gene haplotypes and their protein products, a glutenin protein fraction was separated by 2-DGE, and 17 protein spots were analyzed by N-terminal amino acid sequencing and tandem mass spectrometry (MS/MS) (Lee et al. 2016) . Recently, some reports using proteomics-based methods have characterized the wheat endosperm proteins (Dong et al. 2010; Ikeda et al. 2006; Liu et al. 2010) .
Despite these advanced efforts, difficulties in LMW-GS research are caused by (1) bread wheat being a hexaploid with a complex genome size of 16 GB; (2) LMW-GS are encoded by multicopy genes which were estimated to have 30-40 copy numbers (Cassidy et al. 1998; Sabelli and Shewry 1991) ; (3) LMW-GS is difficult to isolate due to overlapping with the gliadins (Nielsen et al. 1968 ) and the larger number of repeat sequences; and (4) wheat genome sequencing is not complete, so it is difficult to study the accurate characterization of LMW-GS gene and the function of its proteins. For these reasons, the study of linkage between the specific LMW-GS genes and their protein products is difficult and rarely reported.
The aim of this study was to link the 43 genes (isolated during the authors' previous studies) to their proteins at the gene haplotype level by using spots identified in 2-DGE and then applying MS/MS. According to this study, the more accurate results of LMW-GS genes and their corresponding proteins will be used as a molecular basis to contribute to LMW-GS characteristic studies in the future.
Materials and methods

Plant materials
A Korean common wheat variety, Jokyoung, wheat seeds were grown and harvested from the National Institute of Crop Science, Iksan, Korea, under natural light conditions in 2016. The wheat cultivars, Cheyenne (Glu-A3c), Rescue (Glu-B3h), and Chinese Spring (Glu-D3a), which were used as standards for LMW-GS identification, were provided by the National Plant Germplasm System of USDA-ARS (Albany, CA, USA).
Glutenin extraction, SDS-PAGE, and 2-DGE
Glutenin extraction was performed by Singh et al. (1991) where 25 mL of 50% 1-propanol was added to 0.5 g of ground wheat flour and reacted at 60 °C for 30 min. The supernatant was then removed by centrifugation at 10,000×g for 10 min. This step was repeated once more for complete gliadin removal. To extract glutenin, 2.5 mL of 1% propan-1-propanol and 0.08 M Tris-HCl, pH 8.0, with 1% DTT was added to the pellet and incubated at 65 °C for 30 min, and then centrifuged at 10,000×g for 5 m. For protein alkylation, 2.5 mL of 50% 1-propanol and 0.08 M Tris-HCl, pH 8.0, with 1.4% 4-vinylpyridine was added to the pellet, reacted for 15 min at 65 °C, and then centrifuged at 10,000×g for 2 min. To precipitate protein, the supernatant was stored at 4 °C for 1 day. The supernatant was then centrifuged at 12,000 rpm for 2 min, immersed in acetone containing 15% TCA, and stored at − 20 °C until use. During the SDS-PAGE analysis, the glutenin protein stored at − 20 °C was centrifuged at 14,000 rpm for 10 min, and the supernatant was removed. After drying the remaining pellet, 5 µL was loaded onto 12.5% SDS-PAGE (SE260 Ruby, Hofer) gel by adding 70 µL of sample buffer. After electrophoresis at 70 V for 1 h and at 130 V for 5 h, the cells were stained with Coomassie Blue R-250 (CBB) solution and destained.
To perform 2-DGE, the glutenin protein stored at − 20 °C was centrifuged at 14,000 rpm for 10 min, and the supernatant was removed to dry the pellet. After the addition of 70 μL of rehydration buffer, the pellet was completely dissolved. The Bradford method was used for protein determination and BSA was used as a standard for the standard curve. An 18 cm IPG strip (pH 6-11, GE Healthcare, USA) was used for IEF performance and was confirmed using SDS-PAGE (18 × 18 cm, Bio-Rad, USA).
Comparative gene haplotype analysis of LMW-GS genes
A total of 43 wheat LMW-GS genes, isolated from the authors' previous study (Lee et al. 2010) , were aligned with the reported Glu-A3, Glu-B3, and Glu-D3 genes (Wang et al. 2009 Zhao et al. 2006 Zhao et al. , 2007 . A phylogenetic tree was made using the neighbor-joining method (Saitou and Nei 1987) and MEGA 6 software (Tamura et al. 2013) to confirm the similarity between the Jokyoung genes and the previously reported low-molecular-weight glutenin gene.
Identification of proteins by specific enzyme treatment and LC ESl-MS/MS
Two-dimensional electrophoresis gel spots were excised and treated with chymotrypsin for MS/MS analysis. The chymotryptic peptides were subsequently analyzed using a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap instrument (Thermo Scientific, USA) equipped with a Dionex U 3000 RSLCnano HPLC system. Mass spectrometric analyses were performed using a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap instrument mass spectrometer, with a nano-electrospray ionization source and fitted with a fused silica emitter tip (New Objective, Woburn, MA). Fractions were reconstituted in solvent A [water/acetonitrile (ACN) (98:2 v/v), 0.1% formic acid] and then injected into LC-nano ESI-MS/MS system. Solvent A consisted of water/ACN (98:2 v/v) with 0.1% formic acid for the high aqueous mobile phase. Samples were first trapped on an Acclaim PepMap 100 trap column (100 μm × 2 cm, nanoViper C18, 5 μm, 100 Å, Thermo Scientific, part number 164564) and washed for 6 min with 98% solvent A [water/ACN (98:2 v/v), 0.1% formic acid] at a flow rate of 4 μL/min, and then separated on an Acclaim PepMap 100 capillary column (75 μm × 15 cm, nanoViper C18, 3 μm, 100 Å, Thermo Scientific, part number 164568) at a flow rate of 300 nL/min. The LC gradient was run at 2-35% solvent B over 30 min, then from 35 to 90% over 10 min, followed by 90% solvent B for 5 min and, finally, 5% solvent B for 15 min. The resulting peptides were electrosprayed through a coated silica tip (FS360-20-10-N20-C12, PicoTip emitter, New Objective) at an ion spray voltage of 2000 eV. Mass data were acquired automatically using Proteome Discoverer 1.3 (Thermo Scientific, USA). MS/MS results are summarized in Supplementary File 2.
Results and discussion
Allelic analysis of LMW-GS using SDS-PAGE and 2-DGE
Allelic composition of LMW-GS in the Korean wheat variety Jokyoung is shown using SDS-PAGE ( Fig. 1 ) and 2-DGE (Fig. 2) . The glutenin fraction of Jokyoung was extracted and resolved in each experiment with standard wheat cultivars Cheyenne (Glu-A3c), Rescue (Glu-B3h), and Chinese Spring (Glu-D3a) as Glu-3 allele controls. Figures 1 and 2 show Jokyoung protein bands corresponding to Glu-A3c, Glu-B3h, and Glu-D3a, the same allele as Cheyenne, Rescue, and Chinese Spring, respectively. This result demonstrated that LMW-GS alleles of the Korean wheat Jokyoung variety for Glu-A3, Glu-B3, and Glu-D3 were c, h, and a, respectively, consistent with the results of Lee et al. (2017) .
Identification of proteins using LC ESl-MS/MS
To identify LMW-GS proteins, 17 spots were excised from the 2-DGE (Fig. 3) and then in gel digested with chymotrypsin and subjected to MS/MS analysis. Chymotrypsin was used because it has a broader specificity and is better suited for ESI-MS/MS analysis than trypsin, and provided an efficient spot digestion with a greater number of mediumsized peptides from LMW-GS (Mamone et al. 2005; Vensel et al. 2014) . The results of the MS/MS analysis showed that NCBI DB was limited to Triticum and the major amino acid sequence coverage of each spot was 34-65% (Table 1 ). The 13th spot in the 17 spots was identified as gamma gliadin (Fig. 3) .
Spots 1-4 showed the best matches with CAB40553, when spectral data were searched against the NCBI data (Table 1) . CAB40553 was best matched with the protein encoded by the GluB3-33 haplotype, corresponding to the Glu-B3h allele [ACA63869 and EU369717 (Wang et al. (Table 2) . Spots 5 and 6 were best matched with AGK83179 (Table 1) . AGK83179 corresponds to the protein encoded by the GluA3-13 corresponding to the Glu-A3c allele [ACT98423 and FJ549930 ], but was missing a portion of the signal peptide with 16 amino acids (MKTFLVFALLALAAAS). Similarly, spots 5 and 6 were matched with the protein encoded by LMW73 in Jokyoung with high sequence coverage ( Table 2) . Spots 7 and 8 matched with AEI00677, which is identical to the proteins encoded at GluD3-31 [ABC84366 and DQ357057 (Zhao et al. 2006) ] (Tables 1, 2) . Likewise, spots 7 and 8 were matched to the protein encoded by LMW48 in Jokyoung with high sequence coverage and a large number of unique peptides (Table 2 ). Spots 9 and 10 were matched with ACZ51337, showing high sequence similarity with proteins encoded by the GluB3-43 haplotype (Tables 1, 2). The ACZ51337 had nearly the same amino acid sequence as the protein encoded by the GluB3-43 haplotype (ACA63879 and EU369727 [Wang et al. 2009 )]. These two spots were assigned to LMW52 with the same sequence as GluB3-43 (Table 2) . Spot 11 was the best match with ACY08820, which was identical to the proteins encoded at GluD3-5 [ABE77188 and DQ457419 (Zhao et al. 2007 )] and spot 11 was similar to LMW74 in Jokyoung (Table 2) . Spot 12 best matched AEI00694, which is identical to the proteins encoded by GluD3-11 [ABC84361 and DQ357052 (Zhao et al. 2006 )], and this spot was assigned to LMW71 with the same sequence as GluD3-11 (Table 2) . Spots 14 and 15 were matched to AAB48475, which is identical to the proteins encoded by GluD3-6 [ABE77189 and DQ457420 (Zhao et al. 2007 )] (Table 2) . Finally, spots 16 and 17 were the best matches to AGU91700, which is identical to the proteins encoded by GluD3-21 [ABC84363 and DQ357054 (Zhao et al. 2006) ], and the two spots were similar to LMW61 in Jokyoung.
Although 43 LMW-GS genes were identified in Jokyoung, only 17 spots of LMW-GS were resolved by 2-DGE. It is possible that each spot contained many proteins because the LMW-GS gene family shows a high similarity of sequences with their repeat sequence, consistent with the results of the Keumkang variety (Lee et al. 2016 ). Single proteins separated by 2-DGE often show multiple spots (Deng et al. 2012; Vensel et al. 2014) . Deng et al. (2012) reported that individual spots of such charge trains on 2-D gels often represent the same protein and there are at least three theories about these charge trains: (1) PTM (posttranslational modification); (2) artifacts of the analytical Fig. 2 Comparison of LMW-GS allelic variations in standard cultivars Cheyenne, Rescue, and Chinese Spring with Jokyoung by twodimensional gel electrophoresis (2-DGE). Red, blue, and green circles represent identified alleles of Glu-A3c, Glu-B3h, and Glu-D3a, respectively Table 1 procedure (e.g., 2-DE), including sample preparation; and (3) conformational changes or complex formation. Such charge trains are explained by isoform differences or by putative post-translational modifications, including phosphorylation, glycosylation, and others (Deng et al. 2012) . Several reports have confirmed the high accuracy of spots by MS/MS analysis, as used in this study, but a further study in wheat proteomics will be required.
Reinterpretation of isolated 'Jokyoung' genes and gene haplotype
Forty-three LMW-GS genes were isolated using LMW-GS specific primers from Ikeda et al. (2002) and Lee et al. (2010) . They divided 34 for LMW-m types, 8 for LMW-s type, and 1 for LMW-i type, according to the first amino acid sequence of the N-terminus of the 43 isolated genes. Phylogenetic analysis was performed to identify gene haplotypes in Jokyoung using the MEGA 6 software with 9 Glu-A3, 17 Glu-B3, and 10 Glu-D3 LMW-GS previously reported gene haplotypes (Wang et al. 2009 Zhao et al. 2006 Zhao et al. , 2007 . Allelic variants of LMW-GS genes from Jokyoung generally clustered into individual groups. Eight of the 43 genes (LMW3, LMW13, LMW14, LMW18, LMW19, LMW25, LMW46, and LMW66) were excluded from the analysis because no gene haplotype was identified, and 8 genes were estimated to be sequencing errors. The 35 genes were classified into seven haplotypes, including (Fig. 4) . Accordingly, one gene was identified as an LMW73 gene from Glu-A3 locus, and the amino acid sequence started with ISQQQQQ-, i-type LMW-GS. The LMW73 gene showed a high level of sequence similarity with the GluA3-13 haplotype [FJ549930 ]. When compared with the GluA3-13 gene haplotype, the two amino acid sequences changed due to two single nucleotide polymorphisms (SNPs) ( Supplementary Figs. 1 and 2) . A previous study of Glu-A3c reported one active gene, GluA3-13, and two pseudogenes, GluA3-22 and GluA3-33, in Aroona NILs (Wang et al. 1 3
56 Page 6 of 9 2010). Genes corresponding to GluA3-22 and GluA3-33 were not isolated in this study. Nine genes were isolated in the Glu-B3 locus, but only the GluB3-43 gene haplotype was identified and the GluB3-33 gene haplotype was not identified. Nine genes showed a high level of sequence similarity with the GluB3-43 gene haplotype [EU369727 (Zhao et al. 2007) ]. The Jokyoung genes similar to LMW52, LMW9, LMW36, LMW8, LMW41, LMW43, LMW54, and LMW5 . The LMW52 was the same as GluB3-43, while others had one or two amino acid substitutions in the corresponding proteins due to one or three SNPs ( Supplementary Figs. 3  and 4) .
Appearing in the Glu-D3 locus, 25 genes were identified, and five gene haplotypes were distinguished, which were respectively . The GluD3-6 haplotype was not identified. The highest number of genes were identified for GluD3-11 and GluD3-31, with nine and eight genes, respectively. Regarding the GluD3-11 gene haplotype, the Jokyoung genes were LMW28, LMW68, LMW 59, LMW 60, LMW 67, LMW 70, LMW 69, LMW 71, and LMW 72. The LMW70, LMW67 , and LMW69 showed two amino acid sequences changed due to the change of the three SNPs. The amino acid sequence of LMW71 was identical to GluD3-11, while LMW70 had one SNP, but there was no change in the amino acid sequence. The LMW60, LMW67, and LMW69 showed one amino acid substitution due to one SNP. Additionally, LMW68 and LMW59 changed two amino acid sequences due to two SNPs, and LMW28 and LMW72 changed three amino acid sequences due to four and five SNPs, respectively (Supplementary Figs. 5 and 6). Five genes, LMW61, LMW63, LMW64, LMW65, and LMW62, were like the GluD3-21 gene haplotype. These five genes had one or three SNPs, resulting in one or two amino acid substitutions (Supplementary Figs. 7 and 8) . The GluD3-31 gene haplotype was similar to LMW57, LMW48, LMW35, LMW42, LMW34, LMW55, LMW49, and LMW31 . Among the genes, LMW35 had four amino acid sequences changed due to four SNPs. The LMW57 showed three amino acid substitutions due to three SNPs ( Supplementary Figs. 9 and 10 ). The remaining four LMW34, LMW55, LMW49, and LMW31 genes were exactly similar to the GluD3-31 gene haplotype. The GluD3-42 gene haplotype was similar to LMW23 and LMW24. LMW23 had only one SNP without any change in the amino acid sequence, but LMW24 had three amino acid sequences changed by three SNPs ( Supplementary Figs. 11 and 12) . Finally, LMW74 was found to be similar to the GluD3-5 gene haplotype and the corresponding gene showed seven SNPs, but they showed four substitutions in the amino acid sequence ( Supplementary Figs. 13 and 14) .
To summarize, gene haplotypes for each locus were determined in Jokyoung. The Glu-A3 locus was a GluA3-13 haplotype, while in the Glu-B3 locus was GluB3-43 and in the Glu-D3 locus were respectively. 
Relationship between the LMW-GS proteins and the genes
Aroona NILs were used to analyze the effect of LMW-GS gene alleles on wheat processing qualities, which showed superior bread-making quality in Glu-A3d, Glu-B3b, GluB3g, and Glu-B3i loci (Zhang et al. 2012) . Identification of all LMW-GS genes, their loci, and their corresponding genes in a single cultivar, however, is difficult to confirm from the copy number (Cassidy et al. 1998; Dong et al. 2010; Huang and Cloutier 2008) . Functional analysis of individual LMW-GS genes, therefore, is needed. During this study, genes isolated from the Jokyoung cultivar (Lee et al. 2010) were reinterpreted to understand the correlation between the LMW-GS genes and their protein products by MS/MS analysis, based on 2-DGE.
Previously, 43 LMW-GS genes were identified using the Ikeda classification method (Ikeda et al. 2002) in the Jokyoung cultivar, but in this study 35 genes were divided into seven gene haplotypes. Consequently, only the 35 genes from among 43 genes isolated from the Jokyoung cultivar were analyzed These 35 genes were classified into seven haplotypes including (Fig. 4 ). These analysis results was then confirmed and the genes linked to the best matched proteins at the haplotype level, by combining the results of both MS/MS data and phylogenetic analysis. Table 2 summarizes the linkage of both genes and proteins of LMW-GS and the individual 2-DGE spots from a glutenin protein fraction that were well matched with their gene haplotypes. Among the 17 protein spots, 2 (putative corresponding gene; LMW73) were associated with the Glu-A3 locus, 2 (putative corresponding gene; LMW52) with the Glu-B3 locus, and 8 (putative corresponding genes; LMW48, LMW61, LMW71, and LMW74) with the Glu-D3 locus. Previous reports have shown that the Glu-D3 locus encoded the most abundant LMW-GS (Ikeda et al. 2006; Lee et al. 2016; Zhang et al. 2012) , consistent with the results in this study. Regarding Aroona NILs, Wang et al. reported one active gene, GluA3-13. Jokyoung also showed only one GluA3-13 haplotype at the Glu-A3c locus in this study (Fig. 4 and Table 2 ). Regarding the Glu-B3 locus, only one GluB3-43 haplotype was identified in Jokyoung, designated as LMW52. These results suggest that the haplotype Fig. 4 Phylogenic tree of LMW-GS genes isolated in a previous study by Lee et al. (2010) (blue) and LMW-GS gene haplotypes at Glu-A3, Glu-B3, and Glu-D3 loci (black) described previously (Wang et al. 2009 Zhao et al. 2006 Zhao et al. , 2007 1 3 56 Page 8 of 9
genes of GluB3-33 were not isolated in the Jokyoung cultivar, unlike the results of previous reports (Lee et al. 2016) . Zhao et al. (2006 Zhao et al. ( , 2007 also reported Glu-D3a allele haplotypes, among them this study showed similar results for and Table 2 ). To conclude, these results suggest that the links between individual LMW-GS proteins and their genes are relatively conserved between different wheat varieties. Additionally, reinterpretation of LMW-GS genes and their protein products using gene haplotypes can be more precisely correlated. These approaches will be useful tools to distinguish the individual LMW-GS genes with their protein products, and give insight into the research of the function of specific LMW-GS proteins and the allergenic potential of specific gluten proteins.
